Introduction
Over the last 15 years or so, interest in low oxidation state pblock systems has rapidly grown, largely as a result of the fact that many such compounds have been shown capable of activating a variety of small molecules (e.g. H 2 , CO, CO 2 , alkenes etc.) under mild conditions. 1 These activations are oen closely related to fundamental steps in important synthetic transformations that are typically catalysed by late transition metal complexes. Although the involvement of low oxidation state pblock complexes in analogous catalytic transformations is generally prevented by the irreversibility of their oxidative small molecule activations, reports of reversible redox processes, and associated catalysis, at p-block element centres are becoming increasingly common.
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Given the more electropositive nature of s-block metals, it is perhaps not surprising that reversible redox processes involving those metals at room temperature were unknown until recently. Indeed, for such processes to occur, low oxidation state s-block metal compounds would need to be accessible. The only stable, well developed examples of compounds in this category are magnesium(I) dimers, LMg-MgL (L ¼ anionic ligand), rst described by us in 2007. 3, 4 Since that time, approximately 20 examples of magnesium(I) compounds have come forward, and their utility as widely applicable, selective, soluble reducing agents in many areas of inorganic and organic synthesis has been extensively exploited.
5 This work has included the reductive activation of a wide array of small molecules and unsaturated substrates, none of which are reversible in the absence of an external reducing agent.
This situation changed in 2017 when we reported that reactions between two magnesium(I) dimers and the activated alkene, 1,1-diphenylethylene (DPE), led to 1,2-addition of the Mg-Mg bonds across the alkene, and the formation of the 1,2-dimagnesioethane compounds, 1 and 2 (Scheme 1). 6 Remarkably, these reactions were shown to readily and rapidly reversible at room temperature, leading to equilibrium mixtures of products and reactants. As such, they represented the rst examples of reversible redox processes for s-block metal complexes. Also of interest is the fact that 1 and 2 can be considered as analogues of acyclic 1,2-di-Grignard reagents, 7 which are unknown despite attempts to prepare them since the time of Grignard himself.
8 Preliminary reactivity studies of 1 and 2 revealed that to some extent they do behave as Grignard reagents, but the high charge density on their doubly reduced C-C cores leads to them behaving as more highly activated magnesium alkyls. This was demonstrated through their facile reactions with H 2 , CO and ethylene which lead to hydrogenolysis of an Mg-C bond, C-C coupling of two CO molecules with the DPE dianion, and insertion of ethylene into an Mg-C bond, respectively. The high reactivity of 1 and 2 is evidenced by the fact that magnesium alkyls have previously proved unreactive towards these three gaseous substrates in the absence of catalysts. The activated nature of 1 and 2 is comparable to that of a trans-stilbene dianion bridged bis(amidinato-calcium) complex 3 (ref. 9 and 10) and a benzene dianion bridged bis(b-diketiminato-magnesium) complex 4, 11 which Harder and co-workers have recently shown to activate dihydrogen, C-F and C-H bonds, in processes in which the bridging dianion behaves as either a Brønsted base or as a two-electron reductant.
Considering the unprecedented nature of the redox reversible reactions that gave 1 and 2, and the unusual reactivity of those compounds, we wished to test the generality of 1,2-addition reactions between magnesium(I) dimers and unsaturated organic molecules other than DPE. Here we describe a number of comparable additions of Mg-Mg bonds across alkenes and one alkyne, and show that these too can be readily reversible under mild conditions. In addition, we explore applications of the generated magnesium alkyls in organometallic synthesis. This work has revealed the compounds to be multi-functional reagents which can act as either 1,2-di-Grignard reagents, twoelectron reductants, or reductive magnesium transfer reagents in their reactions with bulky amido-metal halide compounds.
Results and discussion
(i) 1,2-additions of magnesium(I) dimers across alkenes and an alkyne
As was the case with the synthesis of 1 and 2, the reactions of three b-diketiminate substituted magnesium(I) dimers,
, with either DPE, a-methylstyrene, trans-stilbene or diphenylacetylene afforded the 1,2-dimagnesioethane/-ethene complexes, 5-9, as orange to red crystalline solids in moderate to good isolated yields (Scheme 2). It is of note that we previously reported that attempts to prepare the trans-stilbene dianion bridged system, 7, resulted in an intractable product mixture. 6 It is now believed that in that case the stilbene starting material was contaminated with impurities. Of further note is the fact that treatment of the bulkier 2,6-diisopropylphenyl (Dip) substituted magne-
, with a-methylstyrene led to no reaction. This magnesium(I) compound showed a similar lack of reactivity towards DPE. Similar to 7 and 8, the variable temperature NMR spectra for 9 did not indicate an equilibrium in solution between this compound and the starting materials that led to it. In contrast, and analogous to the situation with 1 and 2, dissolution of crystals of 5 and 6 in C 6 D 6 led to equilibrium mixtures of the compounds, and the magnesium(I) and olen reactants. At 293 K the ratio of products to reactants for the equilibrium involving 5 was 87 : 13, which is close to the 80 : 20 ratio reported for sterically slightly larger 1. 6 In contrast, the product : reactant ratio for the equilibrium mixture containing 6 was 43 : 57 at 298 K. This is consistent with the sterically more hindered Dep Nacnac ligand disfavouring the product 6, but inconsistent with the smaller size of a-methylstyrene relative to DPE. Of course, electronic differences between the two olens could play a part in the positions of these equilibria. As previously observed for 1 and 2, 6 heating solutions of 5 or 6, led to an increase in the proportion of starting materials in the equilibria, while cooling them increased the amount of product. In these experiments, equilibria were rapidly established, suggesting the kinetic barrier to the redox reversible insertion of the olen into the Mg-Mg bond is low. Indeed in a DFT analysis of the reaction prole that gave 1, no barrier to this insertion could be located. 6 A van't Hoff analysis of the variable temperature NMR data for equilibrium mixture containing 5 was carried out, and this gave values of DH ¼ À13. 
, and show that the reaction that gives 5 is only mildly exergonic. A meaningful van't Hoff analysis of the reaction that gave 6 could not be carried out due to overlapping of product and reactant resonances over the temperature range studied. All of the compounds 5-9 were crystallographically characterised, and the molecular structures of 5, 6, 8 and 9 are depicted in Fig. 1 (see Table 1 for selected metrical parameters, and ESI † for the structure of 7). All of the complexes are bimetallic, and conrm insertion of the alkene or alkyne moiety into the Mg-Mg bond of the magnesium(I) starting material. Such insertions of alkenes into M-M bonds are rare for main group elements, but non-reversible examples have been reported for p-block elements.
12 The C-C bond lengths of the inserted fragments in 5-9 suggest the full reduction of those fragments, giving rise to 1,2-dimagnesioethane/-ethene complexes. The structures of 5 and 6 are similar to that of 1 in that they exhibit primary Mg-C bond lengths in the normal range, 13 but also close secondary Mg-C interactions (dotted bonds in Fig. 1 ) with one opposing carbon of the reduced CC fragment (5 and 6), and one phenyl carbon of the DPE dianion in 5. As with 1, this leads to heavily distorted tetrahedral geometries at the carbon centres of the reduced alkene unit. This is not unreasonable considering the likely polarised, and low covalent, character of the primary d+ Mg-C dÀ bonds.
The reduced trans-stilbene complexes, 7 and 8, share similar structural features to 5 and 6, but are also closely related to structurally characterised complexes in which the trans-stilbene dianion bridges two lithium, aluminium or calcium centres in
12b and 3, 9 respectively. It is noteworthy that in the complexes involving the more electropositive metals, lithium and calcium, the alkenic derived carbons of the bridging trans-stilbene dianion exhibit considerable sp 2 -character (shorter C-C bonds than in 7 and 8), and the negative charges of the dianion are delocalised over the stilbene fragment. In contrast, in the less electropositive aluminium complex, the alkenic derived carbon centres appear to be close to sp 3 -hybridised, due to the more covalent M-C bonds in that compound. It is reasonable to conclude from the structural parameters displayed by 7 and 8, and the intermediate electronegativity of Mg, that the charge delocalisation in their bridging dianions lie somewhere between the cases mentioned above. 9 As far as we are aware, compound 9 represents the rst structurally characterised example of bimetallic, doubly reduced diphenylacetylene complex, incorporating s- Table 1 for selected metrical parameters. block metals, and it displays a regioselective trans-disposition between its two ( Mes Nacnac)Mg fragments, presumably due to steric reasons. It is worthy of mention that a number of complexes closely related to 9, but incorporating p-block metals have been reported, 13 and the reduction of diphenyl acetylene with magnesium vapour has given the tetramer, [{-Mg(THF) C(Ph)C(Ph)-} 4 ], as a mixture of trans-and cis-isomers.
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(ii) Reactivity of 1,2-dimagnesioethanes/-ethene towards amido-metal halide complexes Taking into account the diverse and unprecedented reactivity the 1,2-dimagnesioethanes, 1 and 2, have shown towards small molecule substrates, it was seen of interest to explore the application of those compounds, and their analogues reported here, as reagents in organometallic synthesis. This is especially interesting as the compounds can be viewed as acyclic 1,2-diGrignard reagents, which are unknown to date, but would have signicant synthetic potential if accessible. 7 In this respect, we believed reactions between the pseudo 1,2-diGrignard reagents and extremely bulky amido metal halide complexes, developed in our group, would be a worthwhile starting point. Our reasoning here was that the bulky amide ligands in these precursor molecules have demonstrated abilities to kinetically stabilise low oxidation state metal systems, 5 which might eventuate from the proposed reaction studies, if 1, 2, and 5-9 act as reducing agents, cf. 4.
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Initially we explored the 1 : 2 reaction of 1 (as an exemplar for 1,2-dimagnesioethanes) with the bulky amido zinc halide, L*ZnBr (L* ¼ -N(Ar*)(SiPr 
Considering that 1 is in equilibrium in solution with [{(
MesNacnac)Mg-} 2 ], a similar outcome was possible here. In contrast, however, the reaction led to a double salt metathesis reaction and the formation of the rst structurally characterised example of a 1,2-dizincioethane complex, 10, in good isolated yield (Scheme 3). Clearly, 1 is acting as 1,2-di-Grignard reagent in this reaction, and not as a two-electron reducing agent, either through the presence of [{( Mes Nacnac)Mg-} 2 ] in the reaction mixture, or directly through electron transfer from its bridging DPE dianion, cf. Like 5-8, 1,2-dizincioethanes, such as 10, have potential for use as di-Grignard like reagents in both organic and inorganic syntheses. However, the lower electronegativity of zinc relative to magnesium should make them milder, and potentially more controllable, nucleophiles in synthesis, as is the case for monometallic zinc alkyls compared to mono-Grignard reagents.
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So as to demonstrate a degree of generality to the accessibility of 1,2-dizincioorganyls, compound 9 was treated with two equivalents of the bulky amido zinc halide, [
18 which led to colourless crystalline 11 in good isolated yield (Scheme 3). Compound 11 is the rst structurally characterised example of a 1,2-dizincioethene, and differs from 10 in that it incorporates a boryl substituted amide ligand, which is less bulky than the L* amide in 10, but which we have previously exploited in the kinetic stabilisation of low oxidation state main group compounds.
19 Compounds 10 and 11 are thermally stable in both solution and the solid state. In solution, their NMR spectra are reminiscent of their solid state structures (see below), in that two sets of ligand resonances are observed for unsymmetrical 10, while only one set of ligand signals are seen for centrosymmetric 11. The alkene derived protons on the bridging DPE dianion resonate at a similar eld (d 0.65 ppm) to those in the 1,2-dimagnesioethanes, 1, 2, 5, and 6. The molecular structures of 10 and 11 are depicted in Fig. 2 and show each compound to possess two near linear two-coordinate zinc centres, having Zn-N and Zn-C distances in the normal ranges. 13 In 10, the central C-C distance, and the tetrahedral geometry for each of the carbons, conrms the bond involving those carbons to be single. The C(1)-C(1) 0 bond length in 11 is that of a double bond, as expected for the proposed 1,2-dizincioethene formulation of the compound. The two bulky zinc amide fragments are trans-to each other in this compound. In contrast to the magnesium organyls, 1 and 9, from which they were derived, there are no signicant metal/arene interactions, or interactions between the metal and the opposing carbon of the central C 2 unit in 10 and 11. Attempts were made to extend the utility of 1 and 9 as pseudo 1,2-di-Grignard reagents to the preparation of cadmium and mercury analogues of 10 and 11. To this end, reactions of 1 and 9 with a number of bulky aryl/silyl and boryl/silyl amide substituted cadmium and mercury halide precursor complexes were carried out. However, in all cases, corresponding 1,2-dicadmio-or 1,2-dimercurioorganyls were not isolated, and the reactions typically gave product mixtures which included the elemental group 12 metal. One exception was the 2 : 1 reaction between the very bulky boryl/silyl amide substituted compound, PhBo LCdI ( PhBo L ¼ -N(SiPh 3 ){B(DipNCH) 2 }) and 1 at À80 C.
This gave a moderate isolated yield (46%) of the yellow crystalline cadmium(I) dimer 12 aer work-up (Scheme 4). Contrasting to the synthesis of 10, reagent 1 appears to act as a twoelectron reductant in the formation of 12, rather than as a 1,2-di-Grignard reagent. Although it is known that at À80 C, spectroscopically immeasurable amounts of the magnesium(I) dimer [{( Mes Nacnac)Mg-} 2 ] are in equilibrium with 1 in solution, the participation of the magnesium(I) compound as the reducing agent in the formation of 12, rather than 1, cannot be ruled out. Indeed, we found that the direct reduction of PhBo LCdI with [{( Mes Nacnac)Mg-} 2 ] also yielded the cadmium(I) species, 12, in a similar yield. That said, this observation does not disprove the ability of 1 to act as a two-electron reductant in its own right. To examine this possibility further, we investigated the reaction of the bulky amido-magnesium ). Accordingly, the variable synthetic utility of 1 as either a pseudo 1,2-di-Grignard reagent, or a twoelectron reductant has been demonstrated. Cd NMR spectrum. The molecular structure of 12 is depicted in Fig. 3 , which shows it to possess two essentially linear, two-coordinate cadmium centres, with no meaningful Cd/arene interactions. The Cd-Cd distance at 2.633(1)Å is similar to those in the only other two-coordinate cadmium(I) dimers ([L*CdCdL*] 2.5786 (6) 24 The preparation of 13, via 14, reveals a third mode of reactivity for 1,2-dimagnesioethanes towards amido-metal halides, namely their use as two-electron reducing, magnesium transfer reagents.
In solution, thermally stable 13 exhibits complicated 1 H and 13 C{ 1 H} NMR spectra, as would be expected for this unsymmetrical compound. The highlight of its FTIR spectrum is a strong Ge-H stretching band centred at n ¼ 1942 cm À1 . The molecular structure of 13 is illustrated in Fig. 4 , which shows it to be monomeric with a tetrahedral Ge centre (hydride ligand located from difference maps and freely rened). Although only a handful of magnesiogermanes have been previously structurally characterised, 25 examples bearing Ge-H moieties are unknown. The Mg-Ge distance (2.701(2)Å) is in the known range (2.626-2.766Å), 13 and the Ge(1)-C(42) separation (2.004(4)Å) clearly signies a covalent bond. 
Conclusion
In summary, reactions of three magnesium(I) dimers with several alkenes and one alkyne have led to the 1,2-addition of Mg-Mg bonds across the double or triple bond of the substrate.
In the cases of the 1,1-substituted alkenes, the reaction products were shown to be in equilibrium with a signicant proportion of the starting materials at room temperature. Variable temperature NMR spectroscopy showed these equilibria to be rapidly reached, which indicates low kinetic barriers to these rare examples of redox reversible processes involving group 2 metals. Moreover, a van't Hoff analysis of the results of one variable temperature NMR spectroscopic study revealed the 1,2-addition reaction to be only weakly exergonic. The use of 1,2-dimagnesioethane and 1,2-dimagnesioethene complexes as reagents in organometallic chemistry was explored. This study showed the complexes to have multifunctional, and potentially very useful, capabilities in this realm. For example, both magnesium reagents behave as 1,2-di-Grignard transfer reagents in their reactions with amido-zinc bromide precursors, giving rise to the rst examples of a 1,2-dizincioethane and a 1,2-dizincioethene. The importance of this result is compounded by the fact that acyclic 1,2-di-Grignard reagents are unknown, despite attempts to prepare them going back more than 100 years. Divergent reactivity has been shown by the 1,2-dimagnesioethane, which behaved as a two-electron reducing agent when treated with amido-cadmium and amido-magnesium halide precursors, yielding a new cadmium(I) dimer and a known magnesium(I) dimer. At least in the case of the formation of the amido-magnesium(I) dimer, it was conrmed that the reducing ability of the 1,2-dimagnesioethane was not derived from the b-diketiminate substituted magnesium(I) compound it is in equilibrium with. A further class of reactivity for the 1,2-dimagnesioethane was uncovered when it was treated with an amido-germanium chloride. Here it behaved as a two-electron reducing, magnesium transfer reagent in the synthesis of a magnesiogermane, which presumably proceeds via a highly reactive magnesio-germylene transient intermediate. We continue to explore the reactivity of 1,2-dimagnesioethanes and related activated magnesium(I) systems, and will report on this in due course.
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